Soil water characteristic curves are a prerequisite for quantifying the field soil water balance and predicting water flow in unsaturated soils. The spatial variation of water retention in the root zone influences water availability for plants, evaporation, and fluxes of water and solutes through soils. The purpose of this study was to determine the ability of a popular model for the soil water retention function to describe the spatial variability of measured retention data and to investigate the application of a water content scaling theory to reduce the apparent spatial variation of soil water retention. Using a combination of Tempe cells and 1.5-MPa pressure plate extractors, we measured soil water retention at six pressure heads. In total, 281 undisturbed soil core samples were taken from the Ap horizon (0 to 17-cm depth increments) along an 80-m transect on a bare silt loam soil at 0.30-cm intervals. Sample statistics were calculated to identify outliers and erroneous data. A four-parameter retention model (&, 8,, CC, n) was fitted to the data, and water content scale factors were also calculated. The soil water retention model was found to be extremely flexible in fitting the measured data. The parameters in the retention model showed a structured variance with a range of influence between 12 and 30. The number of parameters needed to characterize the field variability was 912 for the retention model. Scaling theory applied to the water retention data signifi-4 Applied Geosciences Unit, E. G. and G. Idaho Inc., Idaho National Engineering Lab., Idaho Falls, ID.
cantly reduced the apparent spatial variability. One scale factor also showed a structured variance, indicating a spatial correlation distance of greater than 30 m. Using the Akaike information criterion, we found that scaling theory could adequately represent the spatial variation in water retention with only 460 parameters. Sampling, calibration and/or experimental errors were thought to account for more than 50% of the total variability.
Over the past 2 decades, soil scientists have become increasingly interested in characterizing the spatial variation of soil properties. Recent reviews of soil physics literature by Warrick and Nielsen (1985) , Peck (1983) , and Jury (1985) have revealed that water flow and transport properties are among the most variable. Knowledge of these properties is essential for the reliable application of numerical solutions to field scale flow and transport problems (Greminger et al. 1985) .
Soil water retention, a fundamental water flow property, is a prerequisite for quantifying soil water balance and water flow in unsaturated field soils. The spatial variation of water retention in the root zone influences water availability for plant uptake, evaporation, and fluxes of water and solutes through the soil profile. Accurate assessment of water retention parameters and their spatial characterization could improve the utility of soil classification systems by enabling users to anticipate levels of variability associated with water and solute transport.
Intuitively, soil scientists have related soil texture, structure, clay mineralogy, and organic matter content to soil water retention. However, Numerous strategies for estimating soil water retention and/or specific retention parameters have been reported. Jury (1985) categorized the strategies as (i) empirical relationships (correlations) with other soil properties, (ii) scaling theories for reducing the apparent variability, and (iii) theory of regionalized variables for characterizing the variability.
these relationships are at best empirical. For example, Williams et al. (1983) reported that an empirical approach based on knowledge of soil structure, textural composition, and clay mineralogy had some value in predicting retention functions of a wide variety of Australian soils (44 horizons). W&ten and van Genuchten (1988) concluded that soil hydraulic function parameters could be estimated from texture, organic matter content, and bulk density measurements. However, they stated that their regression models should only be used to derive soil hydraulic functions for large spatially variable areas of land.
Spatially variable soil water retention properties have been characterized in other studies by using the concept of similar media scaling. This method was introduced by Miller and Miller (1956) , and its concepts and limitations were reiterated and assessed later by Miller (1980) , Tillotson and Nielsen (1984) , and Sposito and Jury (1985) . Warrick et al. (1977) used similar media scaling to reduce the apparent spatial variability of soil water retention from soils at three different geographic locations. Simmons et al. (1979) extended similar media scaling theory and calculated scale factors to characterize the spatial variability of field water retention measurements.
Spatial variability of soil water retention has also been intensively studied using the theory of regionalized variables. Gajem (1981) , Yeh et al. (1986) , Greminger et al. (1985) , and Burden and Selim (1989) measured field moisture retention, and compared the spatial variance structure of water retention to that of other soil properties such as bulk density and particle size distribution. Burden and Selim (1989) found a significant cross-correlation between water content at 0.03 MPa and bulk density for the Olivier silt loam soil.
In this study we used the Burden and Selim (1989) data to investigate the ability of the van Genuchten (1980) model to describe a large number of measured soil water retention curves taken from a spatially variable field soil. The spatial variation of the model parameters was compared to that of several soil physical properties such as bulk density and textural composition. We also investigated the applicability of a water content scaling theory (Shouse et al. 1992) to reduce the apparent spatial variability of water retention along the 80-m transect.
MATERIALS AND METHODS

Experimental field site
The transect was located in an uncropped field at the Louisiana State University, Burden Research Plantation, Baton Rouge, LA. A profile description was made previously as part of an instantaneous profile experiment [see Romkens et al. (1986) for a detailed description]. The soil was classified as an Olivier silt loam (fine-silty, mixed thermic Aquic Fragiudalf).
Soil sampling
Undisturbed soil cores (5.08-cm diameter; 1.91-cm length) were taken from the Ap horizon (0 to 17-cm depth) at 30-cm intervals along an 80-m east-west transect (281 total sample sites). Samples were collected 3 days after a 1.68-cm rainfall and were assumed to be near field capacity. We used a hydraulic soil probe to push cores into the soil; no compaction was observed. Hand trowels were used to excavate the cores, which were then trimmed, sealed in parafilm, and stored in plastic bags to minimize moisture loss until laboratory measurements were made.
Laboratory measurements
Six pressure heads were selected for the soil water characteristic curve: 0, 0.005, 0.01, 0.03, 0.1, and 1.5 MPa (Note: pressure head was assumed to be equivalent to minus the applied pressure, negative sign has been omitted; increasing applied pressure equals decreasing pressure head (dryer soil)). Water retention measurements in the 0 to O.l-MPa range were made 'using Tempe cells equipped with a O.lMPa porous plate. Water retention at 1.5 MPa was measured using a 1.5-MPa ceramic plate extractor.
The soil cores were put into the Tempe cells and saturated for 48 hours before application of pressure. Water was introduced from the bottom of the soil cores to reduce the amount of entrapped air in the soil. The pressure was adjusted sequentially to the preselected points, and the outflow measured after equilibrium was reached.
Cores were removed from the Tempe cells after equilibrating with 0.1 MPa pressure. At this time saturated hydraulic conductivity measurements were made on the core samples following another 48 h of saturation. We used the constant head method (Klute and Dirksen 1986) , with water flow in the downward direction. After measuring the saturated conductivity, the 1.5MPa water content was measured. Bulk density and particle size distribution were also determined on each core [see Burden and Selim (1989) for a complete description of the experimental methods].
Data analysis
Empirical frequency distributions were examined for the water content (0) data at any given pressure head (h), as well as for bulk density, silt content, and clay content. Standard methods (assuming normal probability distributions) of outlier detection (Dixon 1986 ) were used to develop a two-tier outlier rejection scheme. A soil water retention data set was eliminated from the analyses if two or more of the following conditions were met: (i) the data set contained one or more 0 outliers at a given h, (ii) one or more retention data points were missing from the data set, or (iii) the data set contained physically unrealistic retention values, e.g., when a measured 0 exceeded the calculated porosity (4), or when 0 increased significantly with decreased h.
All measured water retention values at 0 MPa were deleted from the data set. A systematic measurement error, i.e., "over filling" the Tempe cell with water, caused this water content to be much larger than the porosity, d, calculated using the expression (Danielson and Sutherlund 1986) +1-L?! PP (1) where pb is the bulk density and p, is the particle density (assumed to be 2.65). The remaining retention data sets were analyzed in terms of the retention model of van Genuchten (1980) . Estimates of the four unknown parameters (0,, O,, a, and n) in Eq. (2) were obtained using the RETC parameter optimization computer program (van Genuchten et al., 1991) .
where 0, is the residual water content, 0, is the saturated water content, (Y and n are fitting parameters, and m = 1 -l/n. 
where O*( h*) is the soil water retention at a certain reference site, a and b are site-specific scale factors, and O(h) is the measured water retention at any position along the transect. We used a previously determined soil water retention curve for the Ap horizon (Romkens et al. 1986 ) as the reference. This retention curve was obtained using water contents measured at several additional pressure heads as well as several replicate water contents at each pressure head. Semivariogram analysis (Isaaks and Srivastava 1989) was used to characterize the spatial dependency of the four retention model parameters (Eq. 2) and the two scale factors (Eq. 3).
RESULTS AND DISCUSSION
Results of our outlier identification and rejection protocol for the water content at 0.1 MPa (O,,,) are depicted in Fig outlier was not removed because only one rejection criterion was satisfied. A total of 53 retention data sets (19% of the original data) were discarded. Table 1 lists the statistical moments for the original data (in parenthesis) as well as for the data after the outliers were removed. Removing outliers clearly decreased values of skewness, kurtosis, variance, and coefficients of variation (CV) and increased the probability that the statistical distributions were normal (increased W values, the closer the value is to 1 the higher the probability the data are normally distributed). Detailed characterization of the experimental site was presented previously by Davidoff et al. (1986) , Selim et al. (1987) , Davidoff and Selim (1988) , and Burden and Selim (1989) and to a certain extent by Riimkens et al. (1986) . We will present data on the spatial distribution of silt and clay contents and bulk density to help illustrate the relationships between these soil properties and the water retention parameters and scale factors. Figure 2 shows the distributions along the transect of clay and silt content, bulk density, and water content retained at 0.03 MPa. Notice that, in general, the values for clay and silt content show somewhat opposite relationships with increasing distance. Clay content increased between 45 and 68 m, whereas the silt content decreased over the interval. Bulk density also increased slightly along the transect. Water retained at 0.03 MPa (as well as at other pressures as shown in Burden and Selim (1989) ) decreased with increasing distance, presumably in response to a lower silt content and a higher bulk density. The significant correlations among variables listed in Table 2 indicate that soil textural composition and structure can account for some variations in water retention.
In his review of field variability of soil physical properties, Peck (1983) noted that water contents measured at a given pressure head were approximated closely by normal probability distributions. He also mentioned that distributions with larger CVs were often more skewed. Results in Table 1 indicate that our water retention data at pressure heads greater (wetter) than 0.03 MPa have lower CVs than the data at lower (dryer) pressure heads. This conclusion was also reported by Jury (1985) and Warrick and Nielsen (1980) . Greminger et al. (1985) reported that the CVs for water contents measured during a field drainage experiment increased with decreasing (dryer) pressure head as measured by Table 3 summarizes the statistical moments for the estimated soil water retention model parameters. The nearly identical mean and median values for each parameter suggest that the distributions are symmetrical. Saturated water content had the lowest CV, and 9, had the highest. Thirteen values for 0, were estimated to be zero; the next lowest value was 0.087. This result may explain the larger CV for 8, compared with tJ. The CV for cr was about 28%, and the range of values spanned approximately one order of magnitude (0.00081-0.00495). Greminger et al. (1985) also found a wide range of (Y values, spanning several orders of magnitude and having a CV exceeding 55%, at least twice as large as ours. They also found a! and n to be lognormally distributed. In our case, (Y was more normally than lognormally distributed, but n was normally distributed. This difference between our results and those of Greminger et al. (1985) may be indicative of the differences encountered between field-and laboratory-measured retencontent, b) silt content, c) bulk density, d) water content at 0.03 MPa. Fig. 3 . The results show that the retention model has great flexibility in describing the measured data. This flexibility is an important feature when data exhibit extensive spatial variability. Figure  3 also shows that the values of 19~.~~, OO.O1, and 80.03 (subscript indicates pressure head) are similar for each of the curves and together provide enough information to define the asymptote approaching 0.. On the other hand, the asymptote approaching 0, is defined by only one point, 01.5. Thus 0, is probably less well defined and more variable than 0. (Fig. 3) . Notice that for one curve (small dashed lines Fig. 3a) does not have a well defined asymptote, and 8, was estimated to be zero. The curves in Fig. 3 suggest that the range of 8, values is larger than that for 0,; fitted values of zero for 13, did increase the associated CV (Table 3) . transect. The & parameter (Fig. 4a ) appears to decrease with distance along the transect. A comparison of OS with the measured physical properties (see Burden and Selim 1989) shows that OS apparently follows a spatial pattern similar to &,.M)6, ,90.01, and t90.03 in that 0. appears to be loosely associated with changes in silt content and bulk density. Saturated water content was found to be highly correlated to OO.Ws (F = 0.99), Oo.ol (F = 0.97), and 00.03 (F = 0.77). This result is not surprising because these retention values fitted models. define the 0. asymptote. Since these values are correlated with one another (Table 2) , they contain much of the same information, and perhaps an improved measurement strategy could incorporate this observation by reducing the number of data taken near saturation and increasing the number of data taken in the dry range.
The most striking aspect of the spatial distributions of Or and 8. is the large variation in the first 30 to 35 m compared with the variation in the latter part of the transect (Fig. 4b) . This trend in variance does not appear to be associated with clay content, silt content, or bulk density. Results of Burden and Selim (1989) showed that B1.5 had a similar pattern of variation. The parameters (Y and n ( Fig. 4c and d ) are slightly associated with texture and bulk density (Fig. 2) . Both n and 0, have somewhat similar spatial distributions, as does & In fact, n was found to be correlated with 0, (r = 0.64) and (Y with B. (r = 0.87). Correlations between fitted parameters may indicate a certain degree of colinearity, meaning parameters may compensate for each other and produce ambiguous solutions to the parameter optimization routine.
like that of 0. and n (see Fig. 4 ). The spatial distribution of the ? values for the scaling relationships indicates that most regressions had high correlation coefficients. Several sites had lower P values (<0.98) because of apparent outliers at f&.
Water content scale factors were found to be 
Scaling analysis
Application of the water content scaling method (Shouse et al. 1992 ) requires a set of reference retention parameters. There are several methods for determining the reference parameters, such as using the field-average parameter values, using parameters for an arbitrary site within the transect, measuring the parameters at a site independent of the transect, or using previously measured data. In this study, we used previously published data from a site adjacent to the transect (Romkens et al. 1986 ). This data set was chosen because several replicate water contents were measured at each pressure head, and more pressure head values were used for defining the soil water retention curve. Figure 5 shows the retention data and the fitted retention model function (P = .998).
a. The spatial distributions along the transect of the two scale factors and the ? values for the linear regressions (Eq. 3) are shown in Fig. 6 . The scale factors, slope (b) and intercept (a), do not seem to be associated with texture or bulk density. However, the spatial distribution of b shows a trend in variation similar to BP and LY, whereas the spatial distribution of a was more normally distributed, having coefficients of variation between 7 and 8%. This result is in contrast to results reported in several review articles (Jury 1985; Peck 1983 ) that indicate that similar media scale factors for water retention curves from spatially variable field soils are often lognormally distributed. The mean value of a was close to zero (-0.00109), and the mean b value was close to 1 (0.9635).
The ability of water content scaling to reduce the apparent variability of the soil water retention curves is illustrated in Fig. 7 , which gives plots of all measured and scaled versions of the retention curve as well as the reference model. The reduced variability in scaled water content at each pressure is also shown by comparing the statistical parameters in Tables 1 and 4 . Scaling significantly reduced the CVs of the water contents at given pressure heads.
The water content at the O.l-MPa pressure seems to be the most variable after scaling. The CV for & is also high compared with others. This variability was evident in the original data and may have been transferred into the scaled data. Simmons et al. (1979) and Jury (1985) indicated that an obvious limitation of scaling theories is that the errors involved in measuring the properties used to calculate the scale factors are carried along as part of the scale factor sample variance. However, the most variable are those data having a scaling relation ? of less than 0.98. By comparing Fig. 7a and b, it is clear that scaling has reduced the apparent variability of the soil water retention curve. Figure 8 shows semivariograms of the four retention function parameters O,, O,, (Y, and n. The semivariogram for 19, (Fig. 8a ) was modeled using a linear function. The interpretation of this linear model is that the spatial continuity of 0, decreases at a constant rate until the variance approaches the value of the sill (a priori sample variance). The range of spatial influence for the 0, semivariogram was found to be between 20 and 25 m. Semivariograms reported by Burden and Selim (1989) for water retention were also linear, with ranges that varied between 15 and 25 m, depending upon imposed pressure head. The semivariogram for 0, (Fig. 8b) has an exponential form indicating that the spatial continuity decreases sharply for small lag distances, and then variance approaches the sill value asymptotically with increasing lag distance. The range of spatial influence for 6. is also about 20 m. The model semivariograms for (Y (Fig. 8c) and n (Fig. 8d) are both exponential, having ranges of spatial influence of 15 m for (Y and 29 m for n. Figure 9 shows the spatial variance structure for the two scale factors a and b in Eq. (3). The semivariogram for the a values is linear, indicating a near constant decrease in spatial continuity as lag distance increases. The semivariogram for b is a pure nugget, and the variance has no spatial structure at lag distances greater than 0.30 m. The ranges of spatial influence for a is greater than 30 m, while the range for b is less than 0.3 m.
Geostatistical analysis
Model parameters for all semivariograms are listed in Table 5 . The exponential semivariogram model was chosen wherever appropriate because of its generality, as well as its close relationship to the exponential distribution of distances between soil boundaries (McBratney and Webster 1986) . Except for the b-scale factor, the semivariograms for the retention function parameters, as well as the scale factors, have ranges of spatial influence similar to those reported by Burden and Selim (1989) for bulk density, silt content, and water content at field capacity. This means that the processes responsible for the observed spatial variability in soil physical properties work at the same scale as the parametrization of the soil water retention curve. In addition, the range of spatial influence may be related to the scale of the sampled area (Jury 1985) .
Another important characteristic of the semivariograms (Figs. 8 and 9) is the large relative nugget (nugget variance as a percentage of the total variance), which is between 30 and 100%. High frequency variations at distances less than 0.30 m are responsible for a significant portion of these nugget variances. Since our sampling distance was about 0.30 m, these nugget values 1985; Yost et al. 1982) . The model with the lowest AIC is the model that most likely strikes a balance between accuracy and parsimony (McBratney and Webster, 1986) . The AIC for the retention function method was -2761.4, with 912 parameters, and the AIC for the scaling method was -3662.6 with 460 parameters. These results suggest that the scaling method is more efficient than the retention function method.
CONCLUSIONS
We found that outlier rejection reduced the apparent spatial variability of soil water retention, but outlier rejection is rarely reported in spatial variability studies in soil science. We also found that for our spatially variable Olivier soil, water retention model parameters were normally distributed. The especially high CV found for 8,, when compared with B,, was associated with the presence of 13 fitted values of 0 for 0,. Water content scale factors were found to be normally distributed, this result differs from similar media scale factors, which often have been found to be lognormal.
The scale of spatial influence for the retention function parameters, the a scale factor, and the measured physical characteristics of the soil were similar, approximately 15-30 m. This suggests that the different processes responsible for spatial variability operate at the same scale, and/or that the field size may be the overwhelming factor determining the range of influence.
The retention function method accurately described the spatial variability in moisture retention function, but the AIC was higher than for the scaling method. The water content scaling method for describing the spatial variability of the soil water retention accurately described the observed variability. There are several advantages for using scaling; in particular, scaling reduces the number of parameters needed to fully characterize the variability while maintaining an acceptable level of accuracy.
The analysis of spatial variability depends on measurements that were assumed to have little or no experimental or calibration error. Unfortunately, this is rarely the case. In our study, 50% or more of the variability was attributed to experimental error. Unfortunately, the effect of experimental error may give erroneous perceptions of reality, especially when models are used to characterize soil water transport properties. We believe that more information is needed on experimental error, its causes and remedies. Experimental technologies need to be developed that reduce experimental error and increase precision.
